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Abstract 
The filled skutterudite compounds have attracted much attention of their wide variety of strongly correlated electron behaviour. 
Density functional theory (DFT) based calculations of electronic and magnetic properties of the filled skutterudites EuFe4Sb12 
have been performed using full-potential linearized augmented plane wave (FP-LAPW) method within the framework of the 
local spin density approximation (LSDA) approach. FeSb-based filled skutterudite compound exhibits variety of interesting 
features, since there coexist localized 4f-electrons and 3d-electrons with high density of states near Fermi level originating from 
Eu and Fe. The calculation performed near the Fermi level for density of states shows the compound to be suitable for effective 
thermoelectric application. The exchange-splitting of Eu-4f states were analysed to explain the ferromagnetic behaviour of 
EuFe4Sb12 with magnetic moment of 5.35ȝB. 
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1. Introduction 
The skutterudite compounds have recently attracted much attention in the field of thermoelectric applications for 
the industrial purpose because of their extremely large figure of merit (Z), which is the main requirement for 
thermoelectric applications [Sales et al. (1997)]. The rare earth filled skutterudites RM4X12 (R= rare earth, M= Fe, 
Ru or Os; X= P, As or Sb) are ternary skutterudites derived from the structural optimization of binary skutterudites 
TX3 (T= Co, Rh or Ir, X= P, As or Sb) [Sales et al. (2003)]. Several features like heavy fermion behavior, 
superconductivity [Maple et al. (2002), Bauer et al. (2002)], ferromagnetism, antiferromagnetism [Danebrock et al. 
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(1996)] have become the main interest for various theoretical and experimental investigations. These filled ternary 
compounds also exhibit a large variety of electronic and magnetic properties, where the magnetic behavior is 
dominated by the particular 4f electronic configuration of rare-earth elements. There are several studies done 
previously on filled- skutterudites. Nouneh et al. (2007), have reported the semiconductor and metallic nature of 
CeFe4Sb12 and LaFe4Sb12 respectively. Rosner et al. (2012), have studied the structural, electronic and magnetic 
properties of EuFe4As12 using local density approximation + Coulomb interaction (LDA+U) method. Bauer et al. 
(2004), have reported ferro- magnetism in some of Eu- filled skutterudites. 
In this report, we present the first principles calculation of electronic and magnetic properties of EuFe4Sb12 using 
FP-LAPW method within the framework of the local spin density approximation (LSDA) approach. To the best of 
our knowledge, no theoretical details regarding the electronic and magnetic properties are available for EuFe4Sb12 till 
date. We find that the present calculations are more consistent to predict the ferromagnetic and possibility of 
thermoelectric applications of EuFe4Sb12. 
2. Computational details 
EuFe4Sb12 crystallize in cubic structure (space group Im3), with atomic position of Eu (0, 0, 0), Fe (0.25, 0.25, 
0.25) and P (0, 0.35, 0.16) (Fig.1). The positions of the remaining atoms are determined by symmetry operations 
associated with space group. The calculation of electronic structure and magnetic properties has been performed by 
using FP-LAPW method which is implemented in the WIEN2K code [Blaha et al. (2008)]. The exchange–
correlation potential is chosen in the LSDA [Gunnarsson et al. (1989)] and the convergence criterion is set to 10-4 
Ry. The self-consistent potentials were calculated on a 17 × 17 × 17 k-mesh in the Brillouin zone, which 
corresponds to 249 k points in the irreducible Brillouin zone. The sets of valence orbitals in the calculations were 
selected as 4f, 6s, 4d for Eu atom, 3d, 4s for Fe atom and 5s, 5p for Sb atom. All lower states were treated as core 
states. The multiple expansions of wave function as well as electron density along with the potential inside the 
muffin-tin (MT) spheres was cut at l = 10. Nonspherical contributions to the charge density and potential within the 
MT spheres were considered up to lmax = 6. The plane wave cut-off parameter was RMT x Kmax = 7 (Where Kmax is the 
maximum value of the wave vector K = k+G). In the interstitial region the charge density and the potential were 
expands as a Fourier series with wave vectors up to Gmax= 12 a.u.-1. The different MT sphere radii (RMT) used were 
2.5 a.u., 2.26 a.u. and 2.00 a. u. for Eu, Fe and Sb atoms respectively.  
 
 
 
Fig. 1. Unit cell Structure of EuFe4Sb12. 
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3. Electronic properties and magnetic moment 
We performed the structural optimization of EuFe4Sb12 using Perdew, Burke and Ernzerhof-Generalized Gradient 
Approximation (PBE-GGA) [Perdew et al. (1996)], The total energy as a function of volume are calculated and 
fitted to the Murnaghan’s equation of state [Murnaghan (1944)]. The optimized equilibrium lattice parameter 
(9.04Å) was slightly lower than the experimental one (9.16Å) [Sales et al. (2003)]. We performed the density of 
states (DOS) and band structure calculation of EuFe4Sb12 with the optimized lattice constant. The obtained plot 
shows the similar profile as calculated by Hachemaoui et al. (2009) and Takeghara et al. (2003).  
 
 
Fig. 2. Total and partial DOS for EuFe4Sb12. 
From the DOS plot one can conclude that the  splitting of the DOS in the spin-up and spin-down channels were 
found to occur for Eu-4f state, which contribute to the ferromagnetic (FM) nature of the compound similar to 
previous report [Bauer et al. (2004)]. The calculated values of total and individual magnetic moments are given in 
Table 1. Bauer et al. (2004), have reported EuFe4Sb12 as ferromagnetic metal with Tc = 88K but later on 
Krishnamurthy et al. (2007), have investigated ferromagnetic half- metal with total magnetic moment of 5.02 Bȝ , 
7 Bȝ  for Eu and -0.5 Bȝ  for Fe, in close agreement with our calculated values. In our calculation Fe moment is 
antiferromagnetically (AFM) coupled to Eu but the coupling is negligible giving the final magnetic moment to be 
ferromagnetic in nature supporting the result of Bauer et al. (2004). From Table 1 one can observe that, our 
calculated values are slightly lower than the previously reported values [Bauer et al. (2004)]. The choice of LSDA 
method and the exclusion of Coulomb interaction (U) in our calculation may be responsible for the lower magnetic 
moment in our calculation. The LSDA method has a tendency to underestimate the intra-atomic correlation between 
the 4f electrons and hence overestimate the hybridization [Kanai et al. (2002)] between the states of Eu-f and Fe-d 
which leads to a less prominent splitting of the 4f states giving rise to lower magnetic moment for Eu atoms. 
Treating the d-states of Fe and f-states of Eu as strongly localized states by means of LSDA+U method [Rai et al. 
(2012)] (where U is Coulomb repulsion), we can improve the accuracy of our calculation. There are three distinct 
regions separated from each other by small energy gaps in total DOS plot (Fig. 2). The core region (below -6.0 eV) 
is primarily formed by 3s and 3p states of antimony atom for both spin channels. The valence region is mainly 
contributed by 4f states of Eu giving a sharp peak at -0.4 eV with very small contribution of 3d states of Fe atom for 
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spin up channel. For spin down channel the valence region is mainly contributed by Fe-3d states. The conduction 
region is mainly contributed by Eu-4f states giving a sharp peak at 4.1eV in the spin down channel.  
To understand the electronic properties of EuFe4Sb12 the relative calculation of the electronic band structure along 
the high symmetry direction in the Brilllouin zone are shown in Fig. 3 for both spin channels. The calculated band 
structures are relatively similar to the previously calculated for binary skutterudite CoP3 by Lovvik et al. (2004). 
From the band structure plots we can see that the energy bands are highly populated just below the Fermi level for 
spin up channel which is mainly contributed by the Eu-4f electrons as seen from the partial DOS plots. Similarly for 
spin down channel the energy region of 4.0 eV is highly populated by the bands due to Eu- 4f electrons. To 
understand the possibility of thermoelectric applications Eu- filled skutterudites, we analyse the region close to 0 
eV, which is taken as the Fermi level (EF). The two bands (single band for spin down) originating from the bottom 
of the highly unoccupied region penetrates the top of the occupied region, these bands are due to Sb-p electrons, 
which is dominated by and 3d and 4f states of Fe and Eu respectively. The important feature of the DOS and band 
structure plot is the presence of a region above the Fermi level, where the DOS is very small for both spin channels. 
The presence of such region with a low density of states is typical characteristic of the skutterudites. [Nouneh et al. 
(2007) and  Takeghara et al. (2003)] The density of state is very low in this region but not zero and it is referred as 
the pseudogap. The contribution from 4f state of Eu atom in the spin up channel shows the characteristic of 
skutterudite compound, which also implies the metallic nature of this type compound. From the DOS plot (Fig. 2) it 
is also clear that there is very negligible hybridization between the Eu-4f and Fe-3d states in the valence region 
indicating the metallic nature of this compound. The presence of the small pseudo gap above EF and the metallic 
character in our calculation indicates this compound to be effective material for the thermoelectric applications. 
 
Fig. 3: Band Structure plot for EuFe4Sb12. 
 
Table 1. Total and partial magnetic moments. 
 
 
 Magnetic moment (ȝ ?)
Our result 
 
Previous 
EuFe4Sb12 
Eu 
 5.35 
 6.93 
8.40 
Fe -0.40  
Sb -0.001  
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4. Conclusions 
Electronic structure and magnetic moment calculation have been done with structural optimization for EuFe4Sb12, 
using FP-LAPW method to evaluate theoretical lattice parameter and density of electronic states near Fermi energy 
level. The small pseudo gap is present in between the valence band and the conduction band. The Fermi level is not 
inside the gap but within the valence region indicating semi metallic nature of this compound and likely to be the 
suitable candidate for thermoelectric applications. The calculated magnetic moments are lower than the previously 
reported values, which is mainly contributed by Eu- 4f states. 
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